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1. Introduction {#advs922-sec-0010}
===============

Combining the advantages of polymer micelles (e.g., good bionic characteristics) and prodrug strategy (e.g., high drug loading capacity), polymeric prodrug micellar‐based drug delivery systems (PPM‐DDS) were extensively explored to overcome the drawbacks of conventional chemotherapy (e.g., poor tumor selectivity and severe side effects) and improve the antitumor efficacy. Thus, PPM‐DDS has emerged as a promising platform for tumor therapy.[1](#advs922-bib-0001){ref-type="ref"}, [2](#advs922-bib-0002){ref-type="ref"} Taking the advantage of prodrug and stimuli‐responsive drug release behavior, PPM‐DDS could remarkably increase the targeting efficiency against tumors through the enhanced permeability and retention effect (EPR), therefore improving the bioavailability and therapeutic effects of anticancer drugs.[3](#advs922-bib-0003){ref-type="ref"}, [4](#advs922-bib-0004){ref-type="ref"}

The poor tumor cells\' uptake and incomplete drug release are the two critical challenges hindering the clinical translation of PPM‐DDS.[5](#advs922-bib-0005){ref-type="ref"} To improve the therapeutic efficacy of PPM‐DDS, tremendous efforts have been devoted to the development of stimuli‐responsive tumor‐targeted drug delivery systems.[6](#advs922-bib-0006){ref-type="ref"} On one hand, PPM‐DDS would maintain their stealth features during circulation and then undergo a transformation process once exposed to tumor microenvironment for strong cellular binding to achieve enhanced tumor cells\' internalization.[7](#advs922-bib-0007){ref-type="ref"} Typically, pH‐dependent charge conversion strategy was utilized for the construction of PPM‐DDS for tumor‐targeted drug delivery, since tumor having weakly acidic microenvironment (pH ≈ 6.8).[8](#advs922-bib-0008){ref-type="ref"}, [9](#advs922-bib-0009){ref-type="ref"} The pH‐dependent charge reversal delivery systems could remain negatively charged under physiological environment (pH 7.4) to reduce nonspecific interactions with serum components and avoid clearance by reticuloendothelial system (RES),[10](#advs922-bib-0010){ref-type="ref"} while they could be converted to positive upon weakly acidic pH to enhance targeted tumor uptake.[11](#advs922-bib-0011){ref-type="ref"} On the other hand, after cells endocytosis, the PPM‐DDS should possess ultrasensitive drug release property in a tumor‐specific manner as well.[12](#advs922-bib-0012){ref-type="ref"} It is found that the concentration of reactive oxygen species (ROS), including hydrogen peroxides (H~2~O~2~), hydroxyl radicals (OH·), and superoxides (O~2~ ^−^), in tumor cells is significantly higher than that of normal cells;[13](#advs922-bib-0013){ref-type="ref"} thus, PPM‐DDS with ROS‐responsive drug release feature is a powerful strategy to achieve the selective drug release in tumor cells. Various ROS‐responsive copolymers comprising of oxidation‐labile groups such as thioketal, alkylene sulfide, and boronic ester have been extensively investigated to construct DDS for tumor therapy.[14](#advs922-bib-0014){ref-type="ref"} Nevertheless, the aforementioned ROS‐responsive mechanism may be affected by the tumor heterogeneity, where the endogenous ROS concentration is not high enough to activate the complete drug release.[15](#advs922-bib-0015){ref-type="ref"}, [16](#advs922-bib-0016){ref-type="ref"} Therefore, pH/ROS‐responsive charge‐reversal PPM‐DDS with ROS generation capability is a promising alternative that could significantly increase drug release selectivity and tumor therapeutic efficacy.

Compared to typical photosensitizers, β‐lapachone exhibits superior tumor‐activating ROS generation ability. The β‐lapachone could be catalyzed by NAD(P)H:quinone oxidoreductase‐1 (NQO1) enzyme that is overexpressed 100‐fold in tumor cells than normal cells,[17](#advs922-bib-0017){ref-type="ref"} and its implementation is not limited by the laser penetration depth. Meanwhile, the generation of ROS by β‐lapachone is accompanied with the consumption of NAD(P)H/ATP and downregulation of P‐glycoprotein (P‐gp).[13](#advs922-bib-0013){ref-type="ref"}, [18](#advs922-bib-0018){ref-type="ref"} It thus would suppress adenosine triphosphate (ATP)‐dependent drug efflux mediating by P‐gp, improve the bioavailability of chemotherapeutic drugs, and overcome multidrug resistance (MDR). Therefore, to load β‐lapachone into ROS‐responsive drug delivery systems would remarkably amplify oxidative stress and reduce MDR for complete drug release and synergistic oxidation therapy.

To address the aforementioned concerns, herein, we report a self‐amplifiable drug release system with charge reversal ability by loading β‐lapachone in a pH/ROS cascade‐responsive polymeric prodrug micelle polyethylene glycol (PEG)---P(2‐aminoethyl methacrylate hydrochloride (AA)---DA)---camptothecin conjugated hydroxyethyl methacrylate‐oxalyl chloride (CPTMA) (denoted as PPDC\@β‐Lap). PEG---P(AA---DA)---CPTMA was synthesized via sequential atom transfer radical polymerization (ATRP) with PEG as the hydrophilic outer layer. A moderate amount of dimethylmaleic anhydride (DA) was conjugated to the backbone of copolymer as the middle layer, endowing the pH‐triggered charge reversal property. Hydrophobic camptothecin (CPT) prodrug linked by ROS‐responsive bonds was integrated into the copolymer as the inner core (**Scheme** [**1**](#advs922-fig-0007){ref-type="fig"} A). The system could offer several practical benefits in a programmed fashion (Scheme [1](#advs922-fig-0007){ref-type="fig"} B): i) the shielding PEG layer and negative surface charge of the micelles could prolong their circulation time and reduce the nonspecific clearance by RES;[19](#advs922-bib-0019){ref-type="ref"} ii) the pH‐sensitive amides linked with DA would be hydrolyzed and shed the negatively charged DA molecules once exposing to the acidic pH in tumor microenvironment. It would result in the charge reversal from negative to positive and increase the tumor cells uptake; iii) after internalization, the endogenous ROS would induce the release of CPT from PPDC micelles by breaking the H~2~O~2~‐cleavable linkage. Moreover, the removal of CPT would disrupt the hydrophilic--hydrophobic balance of micelles and induce the disassembly of the micelles and drug release; iv) the released β‐lapachone could produce ROS and consume NAD(P)H/ATP, consequently amplifying the micelle disassembly and drug release and suppressing drug efflux. Finally, β‐lapachone could synergize with CPT and reverse MDR to aggravate tumor apoptosis. Thus, we hypothesize that PPDC\@β‐Lap system could effectively enhance tumor therapeutic efficacy with reduced side effects via the synergistic oxidation‐chemotherapy.

![A) Synthesis routes and disassembly mechanism of pH/ROS cascade‐responsive prodrug copolymer PEG---P(AA---DA)---CPTMA. B) Illustration of the charge reversal PPDC system with self‐amplifiable drug release for tumor therapy in vivo.](ADVS-6-1801807-g007){#advs922-fig-0007}

2. Results and Discussion {#advs922-sec-0020}
=========================

2.1. Synthesis and Characterization of Micelles {#advs922-sec-0030}
-----------------------------------------------

The synthetic route of the pH/ROS cascade‐responsive prodrug polymer PEG---P(AA---DA)---CPTMA was illustrated in Scheme [1](#advs922-fig-0007){ref-type="fig"} A. Typically, PEG---P(AA---DA)---CPTMA was synthesized via ATRP copolymerization and stepwise chemical grafting reactions.[20](#advs922-bib-0020){ref-type="ref"} The key components of the nanosystem comprise PEG, tumor acidity‐activated charge‐reversal layer, and ROS‐sensitive CPT prodrug segments, which was determined by ^1^H NMR spectroscopy and gel‐permeation chromatography (GPC) (**Figure** [**1**](#advs922-fig-0001){ref-type="fig"}A,B). Meanwhile, ^1^H NMR, mass spectrum, GPC, and Fourier transform infrared spectroscopy (FTIR) further validated the successful conjugations and chemical structure of PEG---P(AA---DA)---CPTMA copolymer (Figure [1](#advs922-fig-0001){ref-type="fig"}B; Figures S1 and S2, Supporting Information). Besides, average molecular weights of various intermediate products calculated from ^1^H NMR and GPC were highly consistent with the theoretical values (Table S1, Supporting Information). The results further confirmed the successful synthesis of PEG---P(AA---DA)---CPTMA prodrug copolymer. The grafting ratio of CPT to the copolymer was calculated as 24.6%.

![A) ^1^H NMR spectra of final copolymer PEG---P(AA---DA)---CPTMA. B) GPC traces (using tetrahydrofuran (THF) as the medium) of PEG---PAA---Br, PEG---P(AA---DA)---Br, and PEG---P(AA---DA)---CPTMA, respectively. C) Changes of zeta potentials of PPDC\@β‐Lap micelles in phosphate buffered solution (PBS) at pH 7.4 and 6.8, respectively. D) BSA adsorption on the PPDC\@β‐Lap micelles pretreated without/with pH 6.8 at different pH values.](ADVS-6-1801807-g001){#advs922-fig-0001}

The empty micelles and β‐lapachone‐loaded micelles (denoted as PPDC and PPDC\@β‐Lap) were prepared with the emulsion‐solvent evaporation method. Fluorescence study and stability assay indicated that the resulting PPDC micelles had a relatively low critical micelle concentration (CMC) of 1.2 µg mL^−1^ and good structural stability in 20% serum solution (Figures S3 and S4, Supporting Information). It would be helpful for overcoming the dilution effect in blood circulation and improving drug delivery.[2](#advs922-bib-0002){ref-type="ref"}, [21](#advs922-bib-0021){ref-type="ref"}

2.2. Charge Reversal, ROS‐Responsive Micelles Disassembly and Drug Release {#advs922-sec-0040}
--------------------------------------------------------------------------

The two key features of the PPDC\@β‐Lap system were the weakly acidic tumor microenvironment‐activated charge conversion and self‐amplifiable ROS‐responsive drug release. Surface potential of the micelles after incubation at pH 6.8 (simulation tumor microenvironment) was first monitored to investigate the pH‐dependent charge conversion. As shown in Figure [1](#advs922-fig-0001){ref-type="fig"}C, PPDC\@β‐Lap micelles remained strong negatively charge under physiological condition (pH 7.4) and only slightly changed after 4 h of incubation. The zeta potential of PPDC\@β‐Lap micelles dramatically shifted from negative to positive (from −12.4 to +11.0 mV) at pH 6.8, which was caused by the gradual hydrolysis of DA in response to the weakly acidic pH.[22](#advs922-bib-0022){ref-type="ref"} Notably, the removal of DA group had no influence on the size of micelles (Figure S5, Supporting Information). Bovine serum albumin (BSA) adsorption assay was further employed to confirm the pH‐responsive charge reversal process.[23](#advs922-bib-0023){ref-type="ref"} As shown in Figure [1](#advs922-fig-0001){ref-type="fig"}D, only a small quantity (below 7%) of BSA was adsorbed onto PPDC\@β‐Lap micelles at pH 7.4 within 12 h, whereas, more than 72% of BSA adsorption was observed at pH 6.8 as the same duration. It was ascribed to the pH‐responsive charge conversion of PPDC system. Meanwhile, the PPDC\@β‐Lap micelles incubated at pH 6.8 and pH 7.4 demonstrated high level of BSA adsorption after pretreatment at pH 6.8. It also confirmed the pH‐responsive charge reversal mechanism. It was noted that the PEG functionalized and negatively charged micelles could minimize the nonspecific serum protein absorption,[24](#advs922-bib-0024){ref-type="ref"} which was consistent with the negligible size and polydispersity index (PDI) change observed after incubation in 20% serum for 6 days (Figure S4, Supporting Information). Moreover, the positively charged surface after charge reversion could enhance cell uptake and the following drug accumulation at tumor sites.[25](#advs922-bib-0025){ref-type="ref"} Considering the weakly acidic tumor microenvironment, the pH‐responsive charge reversal of PPDC system could potentially enhance the drug delivery efficiency.

To investigate the sensitivity of micelles to ROS, transmission electron microscopy (TEM) and dynamic light scattering (DLS) were used to study the morphology and size change of PPDC\@β‐Lap micelles in response to ROS stimuli. As shown in **Figure** [**2**](#advs922-fig-0002){ref-type="fig"}A, PPDC\@β‐Lap exhibited a uniform spherical morphology with a hydrodynamic diameter of around 100 nm in the absence of H~2~O~2~ and was rapidly disintegrated upon the addition of H~2~O~2~. The morphological observation was consistent with the DLS results (Figure S6, Supporting Information), indicating the high sensitivity of the micellar system to ROS. The underlying mechanism is that the removal of CPT by ROS could transform the hydrophobic core to hydrophilic and then induce the disassembly of micelles. Considering the relatively low intracellular ROS concentration and the heterogeneity of tumors, β‐lapachone was also loaded into PPDC system to accelerate the drug release process. The absorbance spectra of PPDC\@β‐Lap micelles showed a characteristic absorption peak of β‐lapachone (red arrow, Figure [2](#advs922-fig-0002){ref-type="fig"}B), implying the successful encapsulation of β‐lapachone. The loading ratio and loading efficiency were calculated to be 16.8% and 71.2%, respectively. It was noted that both absorption intensity of encapsulated CPT and β‐lapachone were lower than their free forms. It was contributed to the successful drug loading of amphiphilic micelles and π--π stacking interactions.[13](#advs922-bib-0013){ref-type="ref"}, [26](#advs922-bib-0026){ref-type="ref"} In comparison, the characteristic absorbance of CPT and β‐lapachone dramatically increased after incubation with H~2~O~2~. It again confirms the ROS‐responsive micelle disassembly and drug release.

![A) TEM images of PPDC\@β‐Lap micelles in PBS (pH 7.4) without or with H~2~O~2~ for 2 h. Scale bars: 100 nm. B) The absorbance spectra of β‐lapachone, CPT, PPDC, and PPDC@\@β‐Lap treated without or with 0.1 × 10^−3^ [m]{.smallcaps} H~2~O~2~ for 12 h in MeOH/H~2~O (1/4, v/v) solution. C) Cumulative release of CPT and β‐lapachone from PPDC\@β‐Lap micelles after treatment with various concentrations of H~2~O~2~. D) FCM quantitative analysis and E) CLSM images of ROS levels in MCF‐7 cells treated with β‐lapachone, PPDC, and PPDC\@β‐Lap without or with dicoumarol for 4 h. Nuclei and ROS were individually stained with Hoechst 333258 (blue) and DCFH‐DA (green). Scale bar: 50 µm. Results were presented as mean ± standard deviation (SD) (*n* = 6); \*\**p* \< 0.01.](ADVS-6-1801807-g002){#advs922-fig-0002}

Subsequently, the quantitative analysis was employed to investigate the ROS‐responsive drug release behavior of micelles. As shown in Figure [2](#advs922-fig-0002){ref-type="fig"}C, the control group exhibited negligible CPT and β‐lapachone leakage (both below 7%) within 60 h, indicating the good stability of the micelles. In contrast, around 63% CPT and 76% β‐lapachone, respectively, released from PPDC\@β‐Lap micelles upon treatment with 0.1 × 10^−3^ [m]{.smallcaps} H~2~O~2~ (simulation intracellular ROS) for 60 h.[27](#advs922-bib-0027){ref-type="ref"} Furthermore, when the H~2~O~2~ concentration increased to 10 × 10^−3^ [m]{.smallcaps}, the release percentage reached 87% for CPT and 96% for β‐lapachone. It again indicates the triggering effect of H~2~O~2~ concentration on drug release. These results consistently demonstrate the stability of the PPDC system under physiological condition and their ROS responses for controllable drug release.

2.3. Self‐Replenishment of ROS and self‐Amplifying Drug Release In Vitro {#advs922-sec-0050}
------------------------------------------------------------------------

To study the self‐amplifying drug release of PPDC\@β‐Lap micelles, we simultaneously examined the ROS generation efficiency by PPDC\@β‐Lap in MCF‐7 cancer cells and its stimulating effect on drug release. In this study, we used dichlorofluorescein diacetate (DCF‐DA), an ROS indicator, which could be easily oxidized by ROS and produce dichlorofluorescein (DCF) with green fluorescence for staining.[2](#advs922-bib-0002){ref-type="ref"}, [13](#advs922-bib-0013){ref-type="ref"} MCF‐7 cells treated with β‐lapachone, PPDC, and PPDC\@β‐Lap without or with dicoumarol (DIC, NQO1 inhibitor) were stained with DCFH‐DA kit, and the intracellular ROS generation was monitored using flow cytometer (FCM) and confocal laser scanning microscopy (CLSM), respectively. As shown in Figure [2](#advs922-fig-0002){ref-type="fig"}D, both β‐lapachone and PPDC\@β‐Lap rapidly produced ROS when comparing with the control and PPDC group (*p* \< 0.01). Meanwhile, the treatment of PPDC\@β‐Lap resulted in the highest ROS level, which was almost 80 times higher than that of control (Figure [2](#advs922-fig-0002){ref-type="fig"}E). It indicates the potent ROS generation capability of PPDC\@β‐Lap micelles. Moreover, ROS generation by micelles in MCF‐7 cells was evidently suppressed one adding the NQO1 inhibitor of DIC. It was suggested that the ROS generation by PPDC\@β‐Lap system was dependent on NQO1. The PPDC\@β‐Lap system thus possessed a tumor‐specific ROS generation and self‐amplifiable drug release behavior. It is especially relevant for tumor‐targeted drug delivery due to the overexpression of NQO1 in tumor cells.[13](#advs922-bib-0013){ref-type="ref"}, [17](#advs922-bib-0017){ref-type="ref"}

2.4. Tumor‐Specific Cytotoxicity In Vitro {#advs922-sec-0060}
-----------------------------------------

We subsequently examined the cytotoxicity of PPDC system against MCF‐7 cells using CCK‐8 assay. As shown in Figure S7A (Supporting Information), PPDC treatment induced similar level of cytotoxic damage to free CPT. The PPDC\@β‐Lap group showed the lowest cell viability after the introduction of β‐lapachone in PPDC (*p* \< 0.01). Furthermore, the NQO1 competitive inhibitor DIC remarkably decreased the cytotoxicity of PPDC\@β‐Lap, which further validated that NQO1 was critical to the amplification of the drug release, since it could effectively catalyze the production of ROS in β‐lapachone‐loaded micelles (Figure [2](#advs922-fig-0002){ref-type="fig"}D,E),[18](#advs922-bib-0018){ref-type="ref"} resulting in the cascade‐amplified drug release and severe cytotoxicity. Additionally, nearly 80% of the normal NIH/3T3 cells with low NQO1 levels survived from treatment with the same concentration of PPDC\@β‐Lap (Figure S7B, Supporting Information), implying the reduced cytotoxicity of the micellar system in normal cells. The results indicate that PPDCC\@β‐Lap could effectively induce the tumor‐specific cytotoxicity and minimize the undesired side effect in vitro.

2.5. Enhanced Cell Uptake and Intracellular Drug Release of the Micelle System {#advs922-sec-0070}
------------------------------------------------------------------------------

To investigate the drug delivery efficiency of PPDC\@β‐Lap system, the cell uptake and intracellular drug release in MCF‐7 cells under with various pH conditions or adding NQO1 inhibitor DIC were visualized and analyzed by CLSM and FCM. As demonstrated in **Figure** [**3**](#advs922-fig-0003){ref-type="fig"}A, upon culturing with PPDC\@β‐Lap and PPDC\@β‐Lap plus DIC at pH 6.8, cells exhibited much stronger CPT fluorescence compared to those at pH 7.4. A high amount of CPT has entered the nuclei (white arrow), revealing by the significant overlapping region between blue and red fluorescence. The result indicates the efficient endocytosis and micelle disassembly and drug release. Moreover, the amount of the endocytosed PPDC\@β‐Lap in MCF‐7 cells evidently decreased upon co‐incubation with DIC regardless of pH values (Figure [3](#advs922-fig-0003){ref-type="fig"}B, *p* \< 0.01), which was revealed by the relatively weak blue fluorescence. These results were further supported by FCM analysis with similar trend (Figure [3](#advs922-fig-0003){ref-type="fig"}C). It could be explained as follow: on one hand, the tumor acidity‐activating charge reversion enhanced cell adhesion on the negatively charged cell membranes and improved cell uptake of micelles.[28](#advs922-bib-0028){ref-type="ref"} On the other hand, CPT and β‐lapachone would be released from micelles system in response to intracellular ROS. The released β‐lapachone generated more ROS via NQO1 catalysis (Figure [2](#advs922-fig-0002){ref-type="fig"}D,E), which further accelerated and amplified the disassembly of micelles and drug release, thus leading to the highest CPT fluorescence intensity. Notably, DIC‐induced NQO1 inhibition could block the generation of ROS by β‐lapachone,[29](#advs922-bib-0029){ref-type="ref"} resulting in impeded micelle disassembly and drug release. These results demonstrate that the tumor acidity‐activating surface charge‐reversible micelles with self‐amplifiable drug release were an promising platform with enhanced drug delivery efficiency.

![Cellular uptake and intracellular distribution of micelles: A) CLSM images, B) mean fluorescence intensity (MFI), and C) FCM analysis of CPT signal of PPDC\@β‐Lap micelles (7.2 µg mL^−1^, equivalent of 5.1 × 10^−6^ [m]{.smallcaps} CPT) with or without the NQO1 inhibitor dicoumarol in MCF‐7 cells after incubation at pH 7.4 or 6.8 for 12 h, respectively. Nuclei and cytoskeleton were labeled with reddot2 (red) and Alexa 488‐phalloidin (green) individually. Scale bar: 50 µm. The collected data were presented as mean ± SD (*n* = 6); \*\**p* \< 0.01.](ADVS-6-1801807-g003){#advs922-fig-0003}

2.6. PPDC\@β‐Lap‐Induced MDR Inhibition, ATP Depletion, and cell Apoptosis In Vitro {#advs922-sec-0080}
-----------------------------------------------------------------------------------

As NQO1‐mediated ROS generation of β‐lapachone is accompanied by ATP consumption, it would subsequently regulate expression of enzyme associated with drug efflux.[13](#advs922-bib-0013){ref-type="ref"}, [30](#advs922-bib-0030){ref-type="ref"} The ATP‐dependent P‐gp‐mediated drug efflux is critical to the development of MDR;[31](#advs922-bib-0031){ref-type="ref"}, [32](#advs922-bib-0032){ref-type="ref"} thus, PPDC\@β‐Lap might provide extra benefit for overcoming MDR and enhancing antitumor efficiency. To verify this point, CLSM was used to assess MDR effect of micelles system against MCF‐7 multidrug resistant cells (ADR) drug‐resistant cells. As illustrated in **Figure** [**4**](#advs922-fig-0004){ref-type="fig"}A, CPT fluorescence intensity in MCF‐7 ADR cells was relatively low after treatment with CPT and PPDC for 12 h, owing to the native MDR. In contrast, cells treated by PPDC\@β‐Lap displayed the highest CPT fluorescence intensity (blue), indicating that the PPDC\@β‐Lap significantly suppressed MDR in MCF‐7 ADR cells. Moreover, the CPT fluorescence drastically decreased in MCF‐7 ADR cells after co‐treatment with PPDC\@β‐Lap and DIC, implying that DIC strongly inhibited drug release, as also confirmed by the corresponding quantification analysis of CPT fluorescence intensity (Figure S8, Supporting Information). These results demonstrate that the NQO1‐catalyzed ROS generation by β‐lapachone played an important role in overcoming the MDR.

![The potential mechanism of overcoming MDR. A) CLSM images of MCF‐7 ADR cells after treatment with CPT, PPDC, and PPDC\@β‐Lap with or without the NQO1 inhibitor dicoumarol for 12 h, respectively. Nuclei and cytoskeleton were labeled with reddot2 (red) and Alexa 488‐phalloidin (green), respectively. Scale bar: 50 µm. B) Intracellular ATP level in MCF‐7 ADR cells treated with different formulations for 4 h. C) Quantitative analysis and D) western blotting images of P‐gp expression in MCF‐7 ADR cells after incubation different formulations for 48 h. β‐actin was used as control. E,F) Apoptosis analysis of MCF‐7 ADR cells induced by PBS (control), CPT (5.1 × 10^−6^ [m]{.smallcaps}), PPDC (7.2 µg mL^−1^, equivalent of 5.1 × 10^−6^ [m]{.smallcaps} CPT), and PPDC\@β‐Lap (7.2 µg mL^−1^) without or with dicoumarol after 24 h of incubation determined using Annexin V‐FITC/PI staining and detected by FCM. Error bars present as mean ± SD (*n* = 6); \*\**p* \< 0.01.](ADVS-6-1801807-g004){#advs922-fig-0004}

The above data demonstrated that PPDC\@β‐Lap could enhance cellular uptake, decrease drug efflux mediated by MDR, and increase drug accumulation in MCF‐7 ADR cells. As a result, the high‐efficiency delivery of β‐Lapachone and CPT mediated by PPDC\@β‐Lap system could significantly improve cytotoxicity and overcome MDR. To investigate the anti‐MDR effect of micelle system, we first incubated free CPT, PPDC, and PPDC\@β‐Lap with MCF‐7 and examined its cytotoxicity with CCK‐8 assay. As shown in Figure S9 (Supporting Information), free CPT caused obvious cytotoxicity against MCF‐7 cells and weak cytotoxicity for MCF‐7 ADR cells with around 60% cell viability after incubation for 48 h. It was presumably owing to the native MDR‐mediated drug efflux. Meanwhile, PPDC\@β‐Lap induced the most severe cytotoxicity against MCF‐7 cells (IC~50~ = 1.36 × 10^−6^ [m]{.smallcaps}), comparing with those of CPT (IC~50~ = 4.2 × 10^−6^ [m]{.smallcaps}) and PPDC (IC~50~ = 12.18 × 10^−6^ [m]{.smallcaps}). As for MCF‐7 ADR drug‐resistant cells, more importantly, the PPDC\@β‐Lap displayed remarkably improved cytotoxicity as well, with around 12‐fold decrease in the IC~50~ value than that of CPT (6.56 × 10^−6^ [m]{.smallcaps} versus 74.27 × 10^−6^ [m]{.smallcaps}), indicating that MCF‐7 ADR cells were more sensitive to PPDC\@β‐Lap than CPT and PPDC. The result again confirmed that PPDC\@β‐Lap could indeed reverse MDR in cancer cells as reflected by the corresponding IC~50~ values.

To further clarify the MDR inhibition mechanism of PPDC\@β‐Lap, we investigated the intracellular ATP levels in MCF‐7 ADR cells after treatment with different nanoformations. Only β‐lapachone and PPDC\@β‐Lap groups exhibited the significantly reduction (around 75%, Figure [4](#advs922-fig-0004){ref-type="fig"}B) of intracellular ATP level. The introduction of DIC remarkably suppressed the depletion of ATP level in MCF‐7 ADR cells. The ATP level increased to 85% of control group, again indicating that NQO1‐catalysized ROS generation by β‐lapachone was accompanied by ATP depletion. It thus would limit the ATP‐dependent drug efflux and improve the drug accumulation at tumor cells. In addition to ATP depletion, the PPDC\@β‐Lap system also significantly downregulated the expression of MDR‐related P‐gp compared with control, CPT and PPDC groups (*p* \< 0.01), as revealed by western blotting and corresponding quantitative analysis (Figure [4](#advs922-fig-0004){ref-type="fig"}C,D). However, the expression of P‐gp in PPDC\@β‐Lap + DIC group evidently increased, implying that NQO1‐catalyzed ROS generation by β‐lapachone was involved in the regulation of P‐gp expression through multiple pathways (e.g., nuclear factor‐κb (NF‐κB) and hypoxia‐inducible factor‐1α (HIF‐1α)). The results were consistent with previous studies.[13](#advs922-bib-0013){ref-type="ref"}, [33](#advs922-bib-0033){ref-type="ref"} The results confirmed that PPDC\@β‐Lap could effectively reduce drug efflux and overcome MDR by blocking ATP supply and downregulating P‐gp expression, which was curial for enhanced tumor therapy.

To further demonstrate the enhanced antitumor effect of micelle system in vitro, FCM analysis was utilized to assess apoptosis level of MCF‐7 ADR cells after incubation with different formulations for 24 h. As shown in Figure [4](#advs922-fig-0004){ref-type="fig"}E,F, compared to control, both CPT and β‐lapachone caused moderate apoptosis (9.0% and 21.6%), which was attributed to the chemotherapeutic and oxidative effects.[2](#advs922-bib-0002){ref-type="ref"}, [34](#advs922-bib-0034){ref-type="ref"} PPDC induced more severe apoptosis than that of the free CPT group, which was due to the superior drug delivery efficiency of charge reversible prodrug micelles.[35](#advs922-bib-0035){ref-type="ref"} The PPDC\@β‐Lap group induced the most severe apoptosis among all groups (56.8%), confirming the enhanced antitumor efficacy of oxidation‐chemotherapy of PPDC\@β‐Lap system. Notably, the decreased apoptosis ratio in the PPDC\@β‐Lap + DIC group was found to be associated with the less effective drug release, since DIC‐induced NQO1 inhibition could block the generation of ROS by Lap and thus limit the release of therapeutic agents. Additionally, the combination index (CI) calculated with the classic isobologram equation of Chou--Talalay was used to determine whether the effects were additive (CI = 1), synergistic (CI \< 1), or antagonistic (CI \> 1).[36](#advs922-bib-0036){ref-type="ref"}, [37](#advs922-bib-0037){ref-type="ref"} As shown in Table S2 (Supporting Information), the CI value of PPDC\@β‐Lap was calculated as 0.44, which further confirmed their chemo‐photothermal synergetic therapeutic effects. These results reveal that the PPDC\@β‐Lap could effectively induce cell apoptosis through the synergistic oxidation‐chemotherapy while simultaneously enhancing drug delivery efficacy and reducing MDR.

2.7. Antitumor Efficacy of the Combined Oxidation‐Chemotherapy In Vivo {#advs922-sec-0090}
----------------------------------------------------------------------

To investigate the antitumor efficacy of PPDC\@β‐Lap in vivo, MCF‐7 tumor‐bearing mouse model was constructed. As demonstrated in **Figure** [**5**](#advs922-fig-0005){ref-type="fig"}A, different treatments induced various extents of tumor growth suppression compared to control (saline). The chemotherapy of free CPT and oxidation therapy of β‐lapachone both caused moderate suppression of tumor growth. In comparison, the tumor growth inhibition of PPDC and PPDC\@β‐Lap groups was higher than free CPT and β‐lapachone (*p* \< 0.01), indicating the enhanced antitumor efficiency of the PPDC prodrug micelle system. More importantly, PPDC\@β‐Lap induced the greatest tumor suppression among all groups without body weight loss (Figure S10, Supporting Information), and the tumor size was significantly reduced after treatment for 12 days (Figure [5](#advs922-fig-0005){ref-type="fig"}B), indicating the superior antitumor effects. The above trend was further confirmed by tumor volume and final tumor weight analysis (Figure [5](#advs922-fig-0005){ref-type="fig"}B,C). Additionally, PPDC\@β‐Lap group also significantly prolonged the survival time of tumor‐bearing mice with a survive ratio of 83.3% after 40 days (Figure [5](#advs922-fig-0005){ref-type="fig"}D), which was much higher than the other treatment groups, indicating again the superior antitumor efficiency. The reasons could be elucidated as follows: 1) the long‐circulating PEG layer and negative charged surface of PPDC\@β‐Lap system could prolong the circulation time and increase nanocarrier accumulation at tumor sites through EPR effect;[38](#advs922-bib-0038){ref-type="ref"} 2) tumor acidity‐activating charge conversion could effectively improve cell uptake of PPDC\@β‐Lap;[39](#advs922-bib-0039){ref-type="ref"} 3) after internalization, the endogenous ROS would induce micelle disassembly and drug release, and the released β‐lapachone could produce ROS for amplifying micelle disassembly and drug release; 4) β‐lapachone could synergize with CPT where it could reverse MDR and kill tumor cells with high efficiency. Above reasons contributed to the superior therapeutic efficacy of PPDC\@β‐Lap system.

![In vivo antitumor effects of micelles. A) Photographs of the tumors extracted from MDF‐7 tumor cell‐bearing mice after treatments with saline, CPT, β‐lapachone, PPDC and PPDC\@β‐Lap (equivalent of 3 mg kg^−1^ CPT) for 20 days. B) Relative tumor volumes, C) final tumor weight, and D) survival rates of mice after various administrations. E) Images of H&E, TUNEL, and IFC with Ki67 staining of tumor sections, respectively. Scale bar: 100 µm. Error bars present as mean ± SD (*n* = 6), \*\**p* \< 0.01.](ADVS-6-1801807-g005){#advs922-fig-0005}

Hematoxylin‐eosin staining (H&E), terminal deoxynucleotidyl transferase‐mediated dUTP‐biotin nick end labeling assay (TUNEL), and immunofluorescence (IFC) staining assays were performed to further confirm the enhanced antitumor activity of the PPDC\@β‐Lap system based on cell apoptosis. As shown in Figure [5](#advs922-fig-0005){ref-type="fig"}E, PPDC and PPDC\@β‐Lap groups induced more severe apoptosis than CPT and β‐lapachone, as revealed by the distinct cell shrinkage and chromatin condensation in H&E observation and abundant magenta dots co‐located with nuclei in TUNEL images.[40](#advs922-bib-0040){ref-type="ref"} Meanwhile, PPDC\@β‐Lap treatment induced the most severe cell apoptosis, which was consistent with IFC staining analysis of Ki67 for tumor tissues. PPDC\@β‐Lap group displayed the lowest level of Ki67 expression among all groups, confirming the severe cell apoptosis.[41](#advs922-bib-0041){ref-type="ref"} The results demonstrate that PPDC\@β‐Lap system could effectively deliver CPT and β‐lapachone to tumor and induce tumor cells apoptosis/death with high efficiency in vivo.

2.8. In Vivo Biosafety Study {#advs922-sec-0100}
----------------------------

After confirming the superior antitumor effects, the biosafety of the PPDC\@β‐Lap system in vivo was further investigated. We first monitored the in vivo pharmacokinetics of the PPDC\@β‐Lap. As shown in **Figure** [**6**](#advs922-fig-0006){ref-type="fig"}A, compared with the relatively short blood circulation half‐life of CPT,[42](#advs922-bib-0042){ref-type="ref"} PPDC\@β‐Lap exhibited great circulation longevity under the same condition. It was attributed to the protection of PEG layer and negatively charged surface of the micelle system, which might also reduce nonspecific uptake clearance.[24](#advs922-bib-0024){ref-type="ref"}, [43](#advs922-bib-0043){ref-type="ref"} Considering the prolonged blood circulation would improve drug accumulation at tumor sites through EPR,[44](#advs922-bib-0044){ref-type="ref"} we subsequently investigated the biodistribution of PPDC\@β‐Lap system in vivo. It was observed that the greater amount of PPDC\@β‐Lap accumulated in the tumor than that in other tissues. The amount of CPT delivered to tumor increased nearly five times compare to CPT (Figure [6](#advs922-fig-0006){ref-type="fig"}B), suggesting that PPDC\@β‐Lap could effectively deliver CPT to tumors via the EPR effect and pH‐activating charge reversal mechanism. Only a small amount of CPT was accumulated in tumor and the majority was presented in liver and lung, as confirmed by our previous work.[2](#advs922-bib-0002){ref-type="ref"} It were caused by the poor solubility of the hydrophobic CPT, RES, and embolization of lung capillaries for hydrophobic CPT precipitation in the bloodstream,[45](#advs922-bib-0045){ref-type="ref"} and eventually resulted in the rapid body weight loss (Figure S10, Supporting Information).

![A) Pharmacokinetics of CPT and prodrug micelles PPDC\@β‐Lap after intravenous injection into MCF‐7 cell tumor‐bearing mice at a CPT dose of 3 mg kg^−1^ for 24 h. B) Biodistribution of CPT in tumor‐bearing mice after intravenous injection of CPT and PPDC\@β‐Lap for 24 h. C) Representative H&E images of the major organs (heart, spleen, lung, liver, and kidney) extracted from the mice after various treatments. Scale bar: 100 µm. Error bars present as mean ± SD (*n* = 4), \*\**p* \< 0.01.](ADVS-6-1801807-g006){#advs922-fig-0006}

Finally, H&E staining was used to examine the morphological and histological changes of major tissues for further evaluating the biosafety of the PPDC\@β‐Lap system. As confirmed by previous studies,[46](#advs922-bib-0046){ref-type="ref"} CPT caused severe liver damage compared to the control owing to its side effect, indicating by the infiltration of inflammatory cells and decreasing hepatic cells (Figure [6](#advs922-fig-0006){ref-type="fig"}C). In contrast, negligible liver damage was found in PPDC and PPDC\@β‐Lap groups. Moreover, other organs in PPDC\@β‐Lap treated mice also demonstrated the normal morphology (heart, kidneys, spleen, and lung), indicating the good biocompatibility of PPDC\@β‐Lap micelles in vivo. The results consistently reveal that the PPDC\@β‐Lap system significantly enhanced antitumor efficiency and reduced the side effects of CPT.

3. Conclusions {#advs922-sec-0110}
==============

In summary, we developed a cascade‐responsive prodrug micelle drug delivery system with charge reversal and self‐amplifiable drug release for tumor therapy. The comprehensive in vitro and in vivo results revealed that the PPDC\@β‐Lap not only effectively enhanced cell uptake and drug delivery via tumor acidity‐activating charge conversion and ROS‐response drug release, but also efficiently replenished the intratumoral ROS, reduced MDR via blocking APT supply, downregulated the expression of P‐gp to achieve complete drug release and suppressed drug efflux. It dramatically increased the tumor therapeutic efficacy with low systematic toxicity in vivo via synergistic oxidation‐chemotherapy. The work provides a promising drug release nanosystem with superior antitumor effect.
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